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Abstract We report the Ca + binding characteristics of 
recombinant Ecadl2, a construct spanning the first two repeats 
of epithelial cadherin, and demonstrate the links between Ca2 + 
binding and dimer formation. Sedimentation equilibrium and 
dynamic light scattering experiments show that weak dimeriza-
tion of Ecadl2 occurs in the presence of 10 mM Ca2 + (K% = 0.17 
mM), while no appreciable dimer formation was detected in the 
absence of Ca2 + . Ca2+-induced dimerization was also observed in 
electron microscopy images of Ecadl2. We conclude from Ca2 + 
titration experiments monitored by tryptophan fluorescence and 
flow dialysis that dimerization does not affect the equilibrium 
binding constant for Ca2 + . However, the value of the Hill 
coefficient for Ca2 + binding increases from 1.5 to 2.4 as the 
protein concentration increases, showing that dimer formation 
largely contributes to the cooperativity in Ca2 + binding. Based on 
these observations and previous crystallographic studies, we 
propose that calcium acts more likely as a geometrical aligner 
ensuring the proper assembly of cadherin molecules, rather than 
a simple adhesive. 
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1. Introduction 
It has long been recognized that calcium is a key element 
for maintaining cellular adhesiveness, as shown from live tis-
sues and cultured cells dissociating whenever exposed to a 
calcium-depleted environment [1,2]. Cadherins are Ca 2 + -de-
pendent cell adhesion molecules that play a crucial role in 
homophilic cell-cell association [3]. The modular architecture 
of cadherin molecules consists of five repeats in the extracel-
lular part, a single t ransmembrane region and a single intra-
cellular domain linked to the actin filaments of the cytoskele-
ton via a- and p-catenins. An N-terminal fragment composed 
of the first two repeats of murine E-cadherin (Ecadl2) was 
found to crystallize as a dimer, while its 3D X-ray structure 
revealed that the peptide stretch linking the domains of each 
Ecad l2 molecule binds three Ca 2 + ions, which in turn mediate 
a network of interactions with the opposite monomer [4]. A 
previous crystal structure of a single N-terminal domain of 
neural cadherin was also found to consist of a dimer, but it 
showed a different mode of interaction with no calcium ions 
involved in the interface between the monomers [5]. In an 
effort to understand the role of calcium in cadherin self-as-
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sembly, we have investigated in the present study the charac-
teristics of calcium binding by recombinant Ecad l2 and dem-
onstrated its link to dimer formation by solution techniques 
and electron microscopy. 
2. Materials and methods 
2.1. Sedimentation equilibrium experiments 
The experiments were carried out on a Beckman Model E ultra-
centrifuge. Sample aliquots of 100 ju.1 were loaded into 12-mm double-
sector, charcoal-filled Epon cells equipped with sapphire windows. 
The experiments were performed at 20°C for approximately 48 h 
before equilibrium photographs were taken. An assumed value of 
0.73 was used for the partial specific volume of the sample. The 
apparent molecular weights were calculated from the slope after fitting 
the Ln(y) versus r2 data to a second-degree polynomial equation, 
using a least-squares technique. 
2.2. Light scattering 
Molecular weight determinations using light scattering techniques 
were performed on a Dawn F multi-angle laser light-scattering pho-
tometer (Wyatt Technology Corporation, Santa Barbara, CA) accord-
ing to the methodology previously described [6]. An aliquot of sample 
was manually injected onto a Pharmacia Superose 12 gel filtration 
column and the scattering intensity and RI signal of the eluting peaks 
were monitored. Approximately 10-fold dilution was observed upon 
injection of the sample of 0.2 mM protein. The RI signal was used to 
calculate the protein concentration, using an assumed value of 0.185 
for the sample dn/dc. For each slice across a peak, a Debye plot was 
produced (Re/KXc versus sin20/2), in which the intercept of the ex-
trapolation of scattering intensities to the zero angle and zero concen-
tration yielded the reciprocal molecular mass. The apparent average 
molecular mass across the whole peak was then calculated from all the 
individual slices. 
2.3. Electron microscopy 
Solutions of Ecadl2 (100 ug/ml) in 10 mM Tris-HCl (pH 7.5) were 
adsorbed on copper grids covered with butvar B-76 support film, 
stained with 2% phosphotungstic acid and air dried. Images were 
obtained on a transmission electron microscope Zeiss EM902 
equipped with an energy filter. Bright field images were recorded at 
a magnification of 85000 for the apo form and 50000 for the Ca2+-
bound form. Selected molecules were digitized with a 64x64 pixel 
resolution. 
2.4. Calcium binding to Ecadl2 
All buffers and samples were treated with Chelex to remove trace 
amounts of Ca2+. Flow dialysis experiments were carried out at 25°C 
as described previously [8]. The protein solution used was 0.17 mM 
dissolved in 1 ml of buffer (20 mM Tris-HCl (pH 7.5), 100 mM KC1, 
2 mM DTT, 100 uM NaNs). Non-linear regression was used to fit the 
data to a classical Hill model. The Ecadl2 sample used for the fluo-
rescence titration was 1.5 u,M dissolved in 2 ml of buffer (0.1 KC1, 
50 mM HEPES, pH 7.5, 1 mM DTT) placed in a cuvette at 25°C. The 
intrinsic fluorescence of the protein (excitation at 290 nm and emis-
sion at 305 nm) was measured using an Aminco SLM-8000C fluorim-
eter. Aliquots of a standard CaCl2 solution (5 mM) were added at 
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Fig. 1. Sedimentation equilibrium analysis of Ecadl2. A: The results of the experiments carried out in the presence of 10 mM CaC^. A total 
of 9 runs were performed at different Ecadl2 loading concentrations and operating speeds. The lower part of A shows the local Ecadl2 con-
centrations as a function of the radial distance: O 1-05 mg/ml (14000 rpm), n 1.05 mg/ml (16000 rpm), A 2.11 mg/ml (13000 rpm), v 2.11 
mg/ml (15000 rpm), 0 3.24 mg/ml (11000), • 3.24 mg/ml (13000), ■ 3.62 mg/ml (12000 rpm), ▲ 4.17 mg/ml (14000 rpm), T 4.17 mg/ml 
(15000 rpm). The upper figure of A shows the fitting residuals of the lower sedimentation curves to a monomer-dimer equilibrium; no specific 
pattern of the residuals is observed, indicating a good fit of the data. B: Apparent molecular weights as a function of local Ecadl2 concentra-
tions for apo Ecadl2 (o), and in the presence of 10 mM CaC^ (•). 
regular intervals and the fluorescence was monitored as a function of 
added Ca2+. The fluorescence signal was corrected for dilution and 
background Raman scattering. The observed fluorescence as a func-
tion of added Ca2+ can be expressed as fractional saturation using 
Y= (F—Fmia)l(FmBll—Fn]in), where F denotes the observed fluorescence 
signal at a given Ca2+ concentration, and Fmin is the fluorescence 
observed at very low Ca2+ ( < 100 nM). The free Ca2+ concentration 
is then calculated as Caj-ee = Catotai-(3 X Yx [P]), where Catotai denotes 
the total 'added' Ca2+ concentration, and [P] denotes the molar con-
centration of Ecadl2. This expression assumes that a total of three 
Ca2+ ions bind to the protein at saturation as demonstrated by the 
flow dialysis experiments. 
3. Results 
Sedimentation equilibrium centrifugation and dynamic light 
Apo Ecad12 
scattering experiments were performed to determine the oligo-
meric state of Ecad l2 in the presence and absence of 10 m M 
CaCl2- The sedimentation equilibrium runs were carried out 
at 20°C for approximately 48 h with initial protein loading 
concentrations of 0.22 and 0.04-0.17 m M for the Ca2 +-free 
and the Ca 2 + - loaded samples, respectively. The sedimentation 
equilibrium data in the presence of calcium show evidence of 
a concentration-dependent monomer-dimer equilibrium (Fig. 
1A,B). The data can be fitted to a two-state model quite well, 
resulting in a calculated dissociation constant, K%, of 0.17 
m M . At the much lower concentration of 0.02 m M , the dy-
namic light scattering data suggest that Ecad l2 is mainly 
monomeric, in spite of the presence of 10 m M CaCl2, which 
is consistent with the value of K% determined from sedimen-
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Fig. 2. Electron micrographs of negatively stained Ecadl2 in the absence and presence of 10 mM CaCl2. 
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Fig. 3. Calcium binding to Ecadl2. Ca2+ titrations were monitored 
by flow dialysis (•, left scale) and tryptophan emission fluorescence 
(O, right scale). 
tation experiments. In the absence of calcium, only a single 
species of an average apparent molecular weight of 
23 767 ±950 Da was observed for concentrations 0.16-0.4 
mM, in close agreement with the calculated monomeric mo-
lecular mass of 24698 Da. Therefore, Ca2+-free Ecadl2 is 
monomeric in solution. 
We used electron microscopy to determine the shape of 
Ca2+-free Ecadl2 molecules as only the Ca2+-bound form 
could be successfully crystallized in previous attempts. Nega-
tively stained micrographs of Ca2+-free Ecadl2 showed single 
molecules, each of which contains two domains (Fig. 2, left). 
The orientation of the domains relative to each other within a 
molecule was variable from one molecule to another, suggest-
ing that the linker region between the first and second do-
mains (repeats), home to the Ca2+ binding sites, is relatively 
flexible. In contrast, addition of 10 mM CaCl2 resulted in the 
formation of tetrad-shaped structures of dimeric Ecadl2 mol-
ecules (Fig. 2, right). This observation on Ca2+-loaded Ecadl2 
is consistent with previous crystallographic and electron mi-
croscopy studies showing that calcium extends and rigidities 
the extracellular segment of E-cadherin [7] and that lateral 
association of adjacent extracellular segments occurs at the 
N-terminal tip of the molecule [8]. 
The crystal structure of the Ecadl2 dimer, in which a pair 
of three Ca2+ ions forms intimate contacts at the dimer inter-
face, predicts that Ca2+ ions would bind to the cadherin dimer 
in a cooperative manner [4]. To investigate in detail the nature 
of Ca2+ binding by Ecadl2, we have performed continuous 
flow dialysis experiments [9] at peptide concentrations of 0.17 
and 0.35 mM, at which dimer formation can take place. Sim-
ilar results were obtained from both titrations. The shape of 
the calcium binding curve (Fig. 3) demonstrates a high coop-
erativity, confirmed by a value of 2.4 for the Hill coefficient as 
calculated from a non-linear fit of the data. The coefficient is 
close to the maximum value of 3 expected for a molecule with 
three binding sites. In agreement with the crystal structure of 
Ecadl2, the number of these sites is confirmed from the ratio 
of bound calcium, at the end of the titration, to the total 
protein concentration. Interestingly, the data show that the 
protein sample, which contains roughly equal populations of 
Ecadl2 in monomeric and dimeric forms, binds calcium with 
an apparent stoichiometry of 3 ions per polypeptide chain. An 
apparent dissociation constant for calcium binding, K$&, of 23 
uM was obtained from the fit of the data to a Hill model. This 
value of -Kja is similar to the value determined by Koch et al. 
(30 uM) [10] for the entire extracellular region of E-cadherin. 
These results indicate that Ecadl2, which spans the two N-
terminal domains of E-cadherin, retains the Ca2+ binding 
properties of the whole extracellular part. 
To investigate the Ca2+ binding properties of monomeric 
Ecadl2, Ca2+ titration at very low protein concentrations (1.5 
uM) was monitored by tryptophan fluorescence spectroscopy. 
Most markedly, the midpoint of the titration curve (20 uM) 
(Fig. 3) agreed well with the value of K$a (23 uM) obtained at 
higher protein concentrations by flow dialysis. The experiment 
was repeated with protein concentrations ranging from 1.5 to 
50 uM, for which similar K%& values (20 ±3 uM) were ob-
tained. Therefore, the dissociation of the Ecadl2 dimer does 
not significantly affect its binding constant for calcium. On the 
other hand, the calculated Hill coefficient of 1.5 ±0.2, a value 
that indicates some cooperative behavior in the binding of 
Ca2+ ions to monomeric Ecadl2, is lower than the value ob-
served under flow dialysis conditions (2.4) where dimer for-
mation can occur. The crystal structure of the Ecadl2 dimer 
showed two types of interactions between the Ca2+ binding 
sites [4]. First, intramolecular interactions involving side 
chains of residues Glu-11, Glu-69, Asp-103 and Asp-136 
link the three Ca2+ ions bound to the Ecadl2 monomer. Sec-
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Fig. 4. Schematic representation of the proposed mechanism by which Ca2+-organized cadherin assemblies are formed at the cell surface. Ex-
tracellular cadherin repeats are represented by open ovals, Ca2+ ions by small shaded spheres, adhesion sites by asterisks and the cytoplasmic 
domain by a rectangle. Only the two N-terminal repeats are shown to interact in dimers. Other repeats might be involved in contacts either 
within the same dimer or with other dimers. The cytoplasmic domain and/or the molecules from the opposite cell may also contribute to the 
cadherin lattice assembly. The disordered (-Ca2+) cadherin lattice is represented at the top, where adhesion sites might be unformed or assume 
random orientations. 
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ond, residues Asp-100, Gln-101, Asn-102 and Asn-143 coor-
dinate Ca2+ ions on one monomer while forming intermolec-
ular hydrogen bonds with the opposite monomer, either di-
rectly or via water molecules. The abolition of the 
intermolecular interactions in dilute protein conditions can 
affect the network linking the Ca2+ binding sites, and hence 
the cooperative behavior of Ca2+ binding by Ecadl2. 
4. Discussion 
The importance of Ca2+ ions in stabilizing the interactions 
between Ecadl2 monomers has been previously reported 
[4,11]. Based on two major observations, the present study 
provides further definition of the key role played by Ca2+ 
ions in the lateral interaction between cadherin molecules. 
First, the association of Ca2+-bound Ecadl2 molecules is in-
trinsically weak as shown from the relatively high value of K% 
(0.17 mM). Second, the values of A^a remain similar between 
the monomeric and dimeric forms, indicating that dimeriza-
tion is not required for effective binding of three calcium ions 
to Ecadl2. Interestingly, the cooperativity in Ca2+ binding is 
enhanced by dimer formation. Considering these and the pre-
vious studies mentioned above, we propose that one of the 
essential roles of Ca2+ ions is to ensure the proper orientation 
of cadherin molecules in an aligned extracellular lattice suit-
able for proper adhesive contacts. The crystal structure of the 
Ecadl2 dimer showed that Ca2+ ions are coordinated by 
backbone and side chain oxygen atoms of residues that are 
strategically located at the interface between the first and sec-
ond cadherin domains. As mentioned earlier, some of the 
residues that are involved in calcium coordination form hy-
drogen bonds with the opposite monomer, either directly or 
via bound water molecules. Thus, an intricate network of 
interacting Ca2+ ions, water molecules and Ecadl2 side chains 
results in a very specific geometry that would fix the orienta-
tion between the individual monomers. Similar arrangements 
might occur at putative Ca2+ binding sites in other cadherin 
domains, possibly allowing extra contacts between the mole-
cules. Grouping, as well as organizing cadherin structures, can 
yield the necessary strength for adhesion. Lateral clustering 
interactions between cadherin monomers on the surface of the 
plasma membrane are probably not limited to the N-terminal 
tip of the cadherin molecule; other extracellular parts and/or 
the intracellular domain are possibly involved [11,12]. This 
corroborates the observation showing that Ca2+ depletion 
by EGTA does not entirely disrupt cell-cell contacts in F9 
teratocarcinoma cells [13]. 
Fig. 4 illustrates the proposed mechanism by which the 
Ca2+-dependent assembly of cadherin molecules forms a sta-
ble cell adhesion surface on the plasma membrane. First, apo-
cadherin monomers with flexible linkers bind Ca2+ ions, re-
sulting in the overall rigidification of the molecule. Similarly 
important is that calcium binding restrains the positions of the 
individual adhesion sites to those suitable for the formation of 
a uniform cell-cell adhesion lattice. Ca2+ ions, and metal ions 
in general, can potentially provide the geometrical scaffolding 
through their coordinating valences, allowing an organized 
positioning of the polypeptide chains to occur. Such organized 
structures at low concentrations would associate loosely, as 
exemplified by the weakness of the Ecadl2 dimer in solution. 
However, the key to stable adhesion would lie in the collective 
assembly of a number of properly oriented structures. If a 
critical concentration of cadherin molecules is met at the 
cell surface, dimer formation occurs with a geometry guided 
by Ca2+ ions. The dimerization step, together with possible 
grouping events originating in the cytoplasm or involving oth-
er cadherin repeats, are crucial for the formation of an organ-
ized assembly. Finally, the cadherin cluster can interact with a 
geometrically compatible assembly that is similarly formed at 
the opposite cell surface to achieve cadherin-mediated cell-cell 
adhesion. 
The necessity for lateral dimerization of transmembrane 
adhesion molecules may stem from outward or inward signal 
transduction processes. Pairing of cytoplasmic domains, 
brought together by intracellular forces, is likely to facilitate 
the dimerization of the extracellular portions of the cadherin 
molecules. In turn, this might alter the organization of the 
adhesion surface, resulting in modulation of the homophilic 
binding affinity [12]. Conversely, extracellular events can 
transmit signals into the cytoplasm through cadherin dimers, 
with a subsequent structural change in the cytoplasmic plaque 
bound to the cytoskeleton. Interestingly, various other recep-
tors with single transmembrane segments transmit signals by 
virtue of their dimer formation ability, such as protein-tyro-
sine kinase receptors, cytokine receptors, or receptors for the 
tumor necrosis factor [14-16]. 
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